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INTRODUCTION 


Electromagnetic  waves  traveling  through  the  atmosphere  are  absorbed,  scat¬ 
tered,  and  refracted  by  gases,  hydrometeors,  and  particulate  matter.1 

The  gases  that  affect  millimeter  waves  are  mainly  oxygen  and  water  vapor 
that  have  pronounced  resonant  absorption  lines  at  22,  60,  118,  and  183 
GHz.2  Nonresonant  absorption  also  occurs  within  the  transDarent 
"windows"  centered  at  35,  94,  140,  and  220  GHz,  but  to  a  much  lesser 
degree;  hence,  most  research  reported  to  date  Is  at  or  near  these 
windows. 

Hydrometeors  are  terms  for  the  liquid  and  solid  forms  o*"  Precipitated 
atmospheric  water  vapor.  Liquid  water  Is  known  to  scatter  electro¬ 
magnetic  waves  more  strongly  than  ice  because  of  its  larger  dielectric 
constant.  In  addition,  It  will  attenuate  waves  strongly  because  of  Its 
higher  dielectric  loss  and  thermal  dissipation. 3  Consequently,  there 
Is  general  agreement  In  the  literature  from  theory  and  observation 
that- rain,  the  most  frequently  encountered  hydrometeor  of  the  lower 
atmosphere,  is  of  paramount  Importance  In  millimeter  wave  propagation.4* 5 
Therefore,  this  report  will  focus  Initially  on  absorption  and  scat¬ 
tering  by  rain,  and  a  brief  account  of  fog  and  clouds  will  follow.  The 
literature  on  melting  hydrosol s  and  their  effect  on  millimeter  waves  Is 
virtually  nonexistent,  although  nascent  laboratory  work  has  begun.6 

Particulate  matter  (smoke,  dust,  etc.)  has  a  small  dielectric  constant 
compared  to  water  and  is  not  considered  as  Important  as  the  hydro¬ 
meteors.1  Moreover,  It  has  been  poorly  studied  at  millimeter 


1F.  B.  Dyer  and  N.  C.  Currie,  1978,  "Environmental  Effects  on  Millimeter 
Radar  Performance,"  EPP  Symposium,  Neubiberg  bei  Miinchen,  Germany 


ZJ.  M.  Waters,  1976,  "Absorption  and  Emission  by  Atmospheric  Gases," 
Methods  of  Experimental  Physics,  12(B) : 1 42 

3K.  L.  S.  Gunn  and  T.  W.  R.  East,  1954,  "The  Microwave  Properties  of 
Precipitation  Particles,"  Quart  J  Roy  Meteorol  Soc,  80:522 


4K.  Fischer,  1978,  "Atmospheric  Influences  on  the  Millimeter  and  Sub¬ 
millimeter  Wave  Propagation,"  EPP  Symposium,  NeuMberg  bei  Miinchen, 
Germany 

5J,  H.  Rainwater,  1977,  "Weather  Affects  MM  Wave  Missile  Guidance 
Systems,"  Microwaves,  September,  p.  62 

6D.  L.  Bryant  and  L.  J.  Auchterlonle,  1979,  "Measurement  of  the  Extinc¬ 
tion  Cross-sections  of  Dry  and  Wet  Ice  Spheres  at  35  GHz,"  Electronics 
Letters,  15:52 


. . .  . .  . . . . . . . 


wavelengths,5*7  and  adequate  discussion  at  this  time  is  difficult. 

Turbulence  and  its  effect  on  refracting  millimeter  waves  have  been 
studied  very  little,  but  are  potentially  Important  atmospheric  fea¬ 
tures.  These  aspects  will  be  discussed  at  the  close  of  this  survey. 


RAIN 

Beginning  at  the  turn  of  the  century  with  Gustav  Mie,  the  theoretical 
effect  of  particles  on  electromagnetic  waves  has  been  studied  con¬ 
tinually,  notably  in  cases  where  particles  are  assumed  spherical,  or 
nearly  so,  and  their  diameters  are  considered  small  compared  to  the 
wavelength  of  the  Incident  radiation.  This  report  will  show  that  diffi¬ 
culties  in  understanding  this  effect  are  not  in  the  theoretical  com¬ 
putations,  which  are  becoming  more  tractable  yearly  with  rapid  advances 
In  computer  technology,  but  in  the  paucity  and  unreliability  of  meteo¬ 
rological  data  regarding  the  spatial  and  temporal  distribution  of 
raindrop-size  classes. 

Collectively,  scattering  (S)  and  absorption  (A)  by  a  single  particle 
are  termed  extinction  (E)  or  alternatively,  attenuation.  Then  by  the 
usual  radar  definition  of  target  cross  section  («?),  we  get  +  a<.. 

This  nomenclature  and  the  usage  of  Q  for  corresponding  normalized  cross 
sections,  where  Q  ■  o  i  ttD2/4  (D  a  drop  diameter),  have  been  fairly 
consistent  as  papers  written  in  1954, 3  1966, 8  and  19777  will  attest. 

Mie  calculations  of  a  involve  the  index  of  refraction  for  water  (m), 
which  is  complex  at  millimeter  wavelengths,  difficult  to  assess  ex¬ 
perimentally,  and  very  temperature  dependent.  Mitchell  has  tabulated 
values  for  m  from  wavelengths  x  =  1  to  100  mm  for  0,  10,  18,  and  20°C.8 
Some  idea  of  how  the  cross  sections  vary  with  D  and  X  can  be  obtained 
from  figures  1  and  2.  The  values  for  m  are  at  18°C.  Note  how  the  total 
attenuation  Increases  as  the  millimeter  frequency  increases,  and  how 

small  raindrops,  typically  less  than  1  mm  diameter,  become  Important  In 
backscatter  agS  as  frequency  Increases.  Theoretical  calculations  sum 

up  the  effect  of  every  particle  In  a  volume,  and  therefore  depend  on 
reliable  field  data  of  drop-size  distribution. 


5J.  H.  Rainwater,  1977,  "Weather  Affects  MM  Wave  Missile  Guidance 
Systems,"  Microwaves,  September,  p.  62 

7W.  L.  Gamble  and  T.  D.  Hodgens,  1977,  "Propagation  of  Millimeter  and 
Submillimeter  Waves,"  US  Army  MIRADCOM  Technical  Report  TE-77-14, 

AD  B023622 

3K,  L.  S.  Gunn  and  T.  W.  R.  East,  1954,  "The  Microwave  Properties  of 
Precipitation  Particles,"  Quart  J  Ro.y  Meteorol  Soc,  80:522 

9R.  L.  Mitchell,  1966,  "Radar  Meteorology  at  Millimeter  Wavelengths," 
Aerospace  Corporation,  Report  TR-669 (6230-46) -9 ,  AD  488085 
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Direct  Measurement  of  Raindrop  Sizes 

There  are  apparently  four  general  techniques  for  obtaining  drop-size 
classes  at  one  site: 

surface  areP!10!11*1^1"6  °f  dr0ps  by  an  absorbir>9  a9ent  with  a  known 
2.  Photographing  drops  within  a  known  volume10. 12,13,1c 


Figure  1.  Absorption,  scattering,  and  total  attenuation  cross  sections  of  water 
spheres  (ref  8). 


9L.  J.  Anderson,  J.  P.  Day,  C.  H.  Freres,  and  A.  P.  D.  Stokes,  1947, 
"Attenuation  of  1 .23-Centimeter  Radiation  Through  Rain,"  Proc  IRE, 
35:354 

10J.  Joss  and  A.  Waldvogel,  1969,  "Raindrop  Size  Distribution  and 
Sampling  Size  Errors,"  J  Atmos  Sc  1  ,  26:566 

nJ.  0.  Laws  and  D.  A.  Parsons,  1943,  "The  Relation  of  Raindrop  Size 
to  Intensity,"  Trans  Am  Geophvs  Union,  24:452 

12S.  Uga 1 ,  K.  Kato,  M.  Nlshljlma,  T.  Kan,  and  K.  Tazakl,  1977,  "Fine 
Structure  of  Rainfall,"  Ann  des  Telecom.  32:422 

13M.  A.  Jones,  1959,  "The  Shape  of  Raindrops,"  J  Meteorol .  16:504 

14R.  Cataneo  and  G.  E.  Stout,  1968,  "Raindrop-Size  Distributions  In 
Humid  Continental  Climates,  and  Associated  Rainfall  Rate-Radar  Reflec¬ 
tivity  Relationships,"  J  Appl  Meteorol ,  7:901 


'fciftVfl  JlfWWi'il  Afc irhl  UViAM i (■  l.j«h  ,V ii,j  •*V»i  .lu  tori ;  iiuj.v  t.iid  !h t;fM ,#  jlKvwvimh' i> 
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3.  Electromechanical ly  by  translating  drop  momenta  to  electric 
analogs15*16 

4.  Electrostatically  by  measuring  inherent  or  Induced  charges 
of  raindrops17*18*16*20 


DIAMETER  OF  WATER  SPHERE  D  (mm) 


Figure  2.  Backscatter  cross  section  of  water  spheres  (ref  8). 


15A.  Waldvogel,  1974,  "The  N„  Jump  of  Raindrop  Spectra,"  J  Atmos  Scl , 
31:10*7  0  - 

l6L.  J.  Bruer  and  R.  K.  Kreuels,  1977,  "Rainfall  Drop  Spectra  Inten¬ 
sities  and  Fine  Structures  on  Different  Time  Bases,"  Ann  des  Telecom, 
32:430  - 

17S.  G.  Bradley  and  C.  D.  Stow,  1974,  "The  Measurement  of  Charge  and 
Size  of  Raindrops:  Part  I.  The  Dlsdrometer,"  J  Appl  Meteorol ,  13:114 

18U.  H.  W.  Lammers,  1969,  "Electrostatic  Analysis  of  Raindrop  Distri¬ 
butions,"  J  Appl  Meteorol .  8:330 

l9M.  M.  Kharadly,  J.  D.  McNIcol ,  and  J.  B.  Peters,  1978,  "Measurement 
of  Attenuation  Due  To  Rain  at  74  GHz,"  EPP  Symposium,  Neublberg  bel 
Munchen,  Germany 

20W.  P.  Winn,  1969,  "A  Device  for  Measuring  the  Radii  of  Raindrops," 

J  Appl  Meteorol ,  8 : 335 


From  the  beginning,  many  Investigators  encountered  problems.  Drop  sizes 
could  vary  unpredictably  during  a  single  shower9  as  well  as  from  storm 
to  storm.21  Figure  3  taken  from  Lammers18  Is  typical  of  results  obtained 
by  meteorologists  during  Intervals  of  a  few  minutes.  Direct  criticisms 
Include  the  gehurally  poor  statistical  handling  of  field  data22*23  and 
the  sampling  size  being  an  order  of  magnitude  too  small  for  valid  esti¬ 
mations.10 


9L.  J,  Anderson,  J.  P.  Day,  C.  H.  Freres,  and  A.  P.  D.  Stokes,  1947, 
"Attenuation  of  1 .25-Centimeter  Radiation  Through  Rain,"  Proc  IRE, 
35:354 

21M1yuk1  Fujlwara,  1965,  "Raindrop-size  Distribution  from  Individual 
Storms,"  J  Atmos  Scl ,  22:585 

18U.  H.  W.  Lammers,  1969,  "Electrostatic  Analysis  of  Raindrop  Distri¬ 
butions,"  0  Appl  Meteorol ,  8:330 

22P.  L.  Smith  and  C.  P.  Laco,  1978,  "Techniques  for  Fitting  Size  Dis¬ 
tribution  Functions  to  Observed  Particle  Size  Data,"  Am  Meteorol  Soc, 
18th  Conference  on  Radar  Meteorology,  28-31  March  1978,  Atlanta,  GA 

23C.  P.  Laco,  1978,  "A  Technique  for  Fitting  Exponential  Functions  to 
Precipitation  Particle  Size  Data,"  Institute  of  Atmospheric  Sciences, 
Report  78-3,  S.  Dakota  School  of  Mines  and  Technology,  Rapid  City,  SD 
57701 

10J.  Joss  and  A.  Waldvogel,  1969,  "Raindrop  Size  Distribution  and 
Sampling  Size  Errors,"  0  Atmos  Sci ,  26:566 
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One  criticism  worth  discussing  separately  Is  the  scarcity  of  data  on 
raindrops  smaller  than  0.5  mm.  It  will  be  recalled  from  the  previous 
page  that  the  smaller  drops  contribute  more  to  attenuation  and  back- 
scatter  at  the  shorter  millimeter  wavelengths.  Uagl  et  a!12  showed 
that  many  drops  exist  In  the  0.05  and  0.5  mm  range  which  they  claim  had 
not  been  previously  measured.  Their  claim  is  not  entirely  valid  since 
the  widely  used  Joss  and  Waldvogel  disdrometer  employing  the  third 
technique  listed  above  has  a  lower  limit  of  0.3  mm. 

The  drop-size  distributions  of  Laws  and  Parsons11  and  Marshall  and 
Palmer21*  of  the  1940's  are  still  the  most  widely  quoted  today. 

Marshall  and  Palmer  found  that  their  data  and  those  of  Laws  and  Parsons 
empirically  fitted  the  curve 
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where  D  a  diameter  mm,  N  »  0.08  cm’4,  A  »  4.1  R"0,21  cm-1,  and  R  ■ 
rainfall  rate  mm/hr.  0 

Figure  4  taken  from  Marshall  and  Palmer's  paper  superimposes  equation  (1) 
and  the  data  from  both  papers  for  three  rainfall  rates.  Note  that  the 
Marshall -Palmer  relation  has  more  drops  In  the  small  sizes  than  the  Laws- 
Parson  data.  Examples  of  Ugal  et  al  in  figure  5  have  even  greater  num¬ 
bers  of  drops  In  the  small  range. 

The  Joss  and  Waldvogel  drop-size  distribution  based  on  equation  (1)  Is 
the  third  most  quoted  distribution.  The  usefulness  of  this  distribution 
lies  In  the  Introduction  of  another  dimension  by  changing  NQ  and  A  and 

characterizing  a  rain  event  as  a  drizzle,  widespread,  or  thunderstorm. 1 5 
Widespread  rainfall  has  the  "average"  condition  NQ  *  0.07  and 

A  «  4.1  R“0, 21 ,  and  a  comparison  with  equation  (1)  shows  that  It  Is 
very  similar  to  the  Marshall-Palmer  relation. 

To  find  the  drop-size  frequency  distribution  In  a  volume  (which  Is  needed 
to  find  the  attenuation  usually  expressed  In  decibels  per  kilometer),  the 
surface  drop  distribution  and  the  fall  velocity  of  drop-size  classes  must 
be  known.  For  the  latter,  the  careful  work  of  Gunn  and  Kinzer  on  the 


12S.  Ugai,  K.  Kato,  M.  Nlshljlma, J.  Kan,  and  K.  Tazakl,  1977,  "Fine 
Structure  of  Rainfall,"  Ann  des  Telecom,  32:422 

nJ.  0.  Laws  and  D.  A.  Parsons,  1943,  "The  Relation  of  Raindrop-size 
to  Intensity,"  Trans  Am  Geoph.ys  Union,  24:452 

24J.  S.  Marshall  and  W.  McK.  Palmer,  1948,  "The  Distribution  of  Rain¬ 
drops  with  Size,"  J  Meteorol ,  5:165 

15A.  Waldvoqel,  1974,  "The  N_  Jump  of  Raindrop  Spectra,"  J  Atmos  Sci, 
31:1067  0 
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terminal  velocity  of  water  droplets25  has  been  almost  universally  ac¬ 
cepted  for  the  past  30  years.  Some  attempts  have  been  made  to  refine 
their  values;26*27  however,  recent  work  on  photographing  falling  rain¬ 
drops  Is  still  In  fair  agreement  with  the  original  work.12 

Keizer  et  al28  reviewed  the  calculations  required  to  find  the  distri¬ 
bution  In  a  volume  from  original  or  theoretical  measurements.  An  ex¬ 
ample  of  this  type  of  computation  Is  figure  5  featuring  data  ranging 
into  sizes  smaller  than  0.5  mm  which  are  rarely  available.  It  Is 
apparent  that  for  any  given  drop  size,  the  number  of  drops  Increases 
uniformly  with  Increasing  rainfall  intensity.  This  result  Is  very  dif¬ 
ferent  from  any  previous  Investigations  and  needs  verification. 


Attenuation  by  Rain,  the  aR*3  Relation 

In  their  review  paper  of  1954,  Gunn  and  East  credit  J.  W.  Ryde  as  the 
one  who  first  realized  the  Importance  of  rain  attenuation  and  back- 
scatter  at  radar  frequencies.5  Ryde's  paper  of  1946  offered  the 


25R.  Gunn  and  G.  D.  Klnzer,  1949,  "The  Terminal  Velocity  of  Fall  for 
Water  Droplets  In  Stagnant  Air,"  J  Meteorol ,  6:243 

26A.  N.  Dingle  and  Y.  Lee,  1972,  "Terminal  F al 1  speeds  of  Raindrops," 

J  Appl  Meteorol ,  11:877 

27E.  X.  Berry  and  M.  R.  Pranger,  1974,  "Equations  for  Calculating  the 
Terminal  Velocities  of  Water  Drops,"  J  Appl  Meteorol,  13:108 

12S.  Ugal ,  K.  Kato,  M.  Nlshljlma, J.  Kan,  and  K.  Tazakl,  1977,  "Fine 
Structure  of  Rainfall,"  Ann  des  Telecom,  32:422 

2aW.  P.  M.  N.  Keizer,  J.  Snleder,  and  C.  D.  de  Haan,  1978,  "Rain 
Attenuation  Measurements  at  94  GHz:  Comparison  of  Theory  and  Experi¬ 
ment,"  EPP  Symposium,  Neublberg  bel  Munchen ,  Germany 

3K.  1.  S.  Gunn  and  T.  W.  R.  East,  1954,  "The  Microwave  Properties  of 
Precipitation  Particles,"  Quart  J  Roy  Meteorol  Soc.  80:522 
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Figure  5, 


Some  examples  of  density  of  the  distribution  In  space  by 
using  vhe  falling  velocity  of  Gunn  and  Klnzer  (ref  12l. 


following  linear  expression  (In  his  notation)  for  the  average  attenuation 
along  a  path  In  decibels  per  kilometer:29 


i 


dB/km  =  kp  (2) 


where  k  depends  on  wavelength  and  temperature,  and  p  "varies  widely" 
with  rainfall  Intensity  and  geographical  area, 

Ryde  fully  realized  the  Importance  of  path  length,  droo-slze  distribution 
and  wavelength,  although  his  expressions  did  not  Include  these  variables. 
Early  Investigators  soon  realized  that  attenuation  could  be  better  repre¬ 
sented  In  the  form: 


A  -  aRb 


(3) 


where 


A  ■  attenuation  In  decibels  per  kilometer, 

R  ■  rainfall  rate  In  millimeters  per  hour,  and 

a  and  b  are  frequency  and  temperature  dependent. 

In  practice,  simultaneous  values  of  A  and  R  are  plotted  and  a  curve  of 
the  form  of  equation  (3)  fitted  to  the  points.  The  rainfall  rate  R  Is 
found  from  the  drop-size  distribution  If  a  dlsdrometer  or  an  equivalent 
Instrument  Is  available,  or  by  means  of  the  more  standard  tipping  bucket 
rain  gauge.  The  widely  scattered  points  corresponding  to  pairs  of  A-R 
values  In  figures  6  and  7  reveal  tne  difficulty  In  computing  a  least- 
square,  or  any  other  kind  of  fit,  to  the  data.  Highly  scattered  points 
also  Indicate  that  drop  sizes  will  vary  tremendously  during  the  course 
of  a  single  rain  event.  This  was  seen  as  early  as  1954  when  Gunn  and 
East  listed  ten  values  for  the  "constants"  a  and  b  of  equation  (3)  based 
on  original  size  data  taken  In  various  parts  of  the  world  by  several 
workers.3  Numbers  ranged  from  127  to  505  for  a  and  from  1.041  to 
2.29  for  b,  Indicating  that  attenuation  could  vary  as  much  as  2  or  3 

either  way  from  an  average  value  of  aRb  for  a  given  rainfall  rate  (l.e., 
a  and  b  given  by  average  values). 


29J.  W.  Ryde,  1946,  "The  Attenuation  of  Centimeter  Radio  Waves  and 
the  Echo  Intensities  Resulting  from  Atmospheric  Phenomena,"  JIEE,  Vol 
93,  Part  IIIA,  No.  1 ,  p.  101 

3K.  L.  S.  Gunn  and  T.  W.  R.  East,  1954,  "The  Microwave  Properties  of 
Precipitation  Particles,"  Quart  J  Roy  Meteorol  Soc,  80:522 
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Figure  6,  Variation  of  attenuation  with  rainfall  rate  (ref  38). 
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Conflicting  and  widely  varying  results  from  field  measurements  In  the 
two  decades  following  World  War  II  prompted  Medhurst  to  write  his  fre¬ 
quently  cited  comprehensive  survey  of  1965. 30  He  reviewed,  tabulated, 
and  graphed  the  then  extant  rainfall  attenuation  data  spanning 
\  a  4  to  32  mm,  and  In  each  experiment  employed  from  1  to  13  rain 
gauges.  A  few  even  took  raindrop-size  distribution,  which  yields  rain¬ 
fall  rate  when  the  fall  velocity  of  raindrops  Is  accounted  for  (see, 
for  example,  Anderson  et  al9  who  used  both  rain  gauges  and  drop  counts). 
Medhurst  found  that  In  practically  all  15  cases  there  was  a  tendency 
for  measured  attenuation  to  be  higher  than  the  maximum  theoretically 
attainable.  He  concluded  that  possible  errors  may  be  due  to: 

1.  Inadequacy  of  the  theory  to  account  for  multiple-scattering 
along  the  path,  and 

2.  "...  The  rain  structure  being  more  complex  than  has  been 
assumed. " 

In  fairness  to  Medhurst  because  of  the  criticism  from  Crane  and  others 
(Crane31  and  his  later  papers,  Olsen  et  al,32  and  Watson33),  his  paper 
should  be  judged  in  the  light  of  Information  available  to  him  at  that 
time.  He  explained  In  detail  why  Ryde's  application  of  Mle  theory  seemed 
Inadequate  to  him  and  tried  to  snow  this  graphically  with  each  of  the  15 
cases  he  studied.  Also,  he  analyzed  and  tabulated  his  remarks  on  the 
taking  of  rainfall  rate  and  thought  only  the  technique  of  Anderson  et  al 
was  above  criticism.  He  deemed  Mle  theory  Inadequate,  not  Inappropriate, 
and  appeared  to  give  poor  meteorological  Instrumentation  and  Interpre¬ 
tation  at  least  equal  fault  for  Inconsistent  results. 

In  1971  Crane  argued  that  Mle  theory  was  appropriate  and  that  experiments 
over  a  short  path  with  closely  spaced  rain  gauges  would  show  that  the 
fault  lay  with  the  inadequate  meteorological  data.31  From  his  work  with 


30R.  G.  Medhurst,  1965,  "Rainfall  Attenuation  of  Centimeter  Waves: 
Comparison  of  Theory  and  Measurement,"  IEEE  Trans  Antennas  Propaqat, 

AP-1 3 : 550 

9l.  J.  Anderson,  0.  P.  Day,  C.  H.  Freres,  and  A.  P.  D.  Stokes,  1947, 
"Attenuation  of  1 .2b-Cent1meter  Radiation  Through  Rain,"  Proc  IRE, 

35:354 

31R.  K.  Crane,  1971,  "Propagation  Phenomena  Affecting  Satellite  Com¬ 
munication  System  Operating  In  the  Centimeter  and  Millimeter  Wavelength 
Bands,"  Proc  .IEEE,  59:173 

32R.  L.  Olsen,  D.  V.  Rogers,  and  D.  B.  Hodge,  1978,  "The  aRb  Relation  In 
the  Calculation  of  Rain  Attenuation,"  1978,  IEEE  Trans  Antennas  Propaqat, 
AP-26: 318 

33M.  Watson,  1976,  "Survey  of  Measurements  of  Attenuation  by  Rain  and 
other  Hydrometeors,"  Proc  IEEE,  123:863 
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L-band  radar  backscatter  from  New  England  showers,34*35  Crane  believed 
that  a  large  area  of  light  rain  contains  many  small  Intense  showers  and 
better  spatial  resolution  of  rainfall  rate  Is  needed  to  predict  atten¬ 
uation.  In  1974  Crane  reported  the  results  of  his  well-known  experiment 
using  simulated  rain  of  known  drop-size  distribution. 36  He  concluded 
that  the  field  measurements  and  the  theoretical  calculations  based  on 
Mle  single-scattering  theory  for  water  spheres  were  In  agreement  at 
34  GHz,  and  the  discrepancies  noted  by  Medhurst  and  a  few  later  workers 
are  due  to  Inadequate  meteorological  characterization. 

In  table  1,  rain  attenuation  Investigations  along  a  one-way  path  at  about 
30  GHz  or  higher  are  listed  In  chronological  order.  Two-way  paths  as  In 
radar  backscatter  will  be  discussed  In  the  next  section.  Table  1  and 
the  tables  In  the  summary  paper  by  Watson33  comprise  most  of  the  open 
literature  on  the  subject.  Not  listed  are  several  theoretical  studies, 
.notably  by  the  Soviets,  described  by  Richard  et  al37  who  use  the  dis¬ 
tribution  of  Marsh&ll  and  Palmer  and  other  Western  Investigators  as  well 

as  their  own.  Table  1  experiments  express  the  aRb  relation  with  compara¬ 
tive  plots  of  measured  and  theoretical  attenuation  versus  rainfall  rate. 
The  rate  In  turn  Is  derived  from  original  drop  distributions  and/or  con¬ 
ventional  rain  gauge  data  modified  In  the  later  experiments  for  fast 
sampling,  and/or  from  known  distributions  such  as  the  Marshall-Palmer. 
Some  who  wished  to  bracket  their  scattered  data  points  also  include 
doss's  distributions  for  the  extremes  of  "thunderstorm"  and  "drizzle."30 
A  reading  of  these  references  will  reveal  that  there  Is  general  agree¬ 
ment  between  measured  and  theoretical  attenuations,  particularly  below 
50  GHz,  and  thus  Crane's  criticism  of  Medhurst  appears  justified. 

At  this  time  then,  simultaneous  measurements— one  below  50  GHz  and  one 
above— through  the  same  rain  path  are  valuable  for  comparative  purposes. 
Figure  6  from  Zavody  and  Harden38  contrasts  such  a  pair  of  frequencies: 


34R.  K.  Crane,  1968,  "Simultaneous  Radar  and  Radiometer  Measurements 
of  Rain  Shower  Structure,"  Lincoln  Lab  MIT  Technical  Note  1968-33, 

AD  678079 


35R.  K.  Crane,  1966,  "Microwave  Scattering  Parameters  for  New  England 
Rain,"  Lincoln  Lab  MIT  Technical  Report  426,  AD  647798 

36R.  K.  Crane,  1974,  "The  Rain  Range  Experiment-Propagation  Through  A 
Simulated  Rain  Environment,"  IEEE  Trans  Antennas  Propagat,  AP-22 : 321 

33M.  Watson,  1976,  "Survey  of  Measurements  of  Attenuation  by  Rain  and 
Other  Hydrometeors,"  Proc  IEEE,  123:863 

37V.  W.  Richard,  J.  E.  Kammerer,  and  R.  G.  Reitz,  1977,  "140-GHz  Atten¬ 
uation  and  Optical  Visibility  Measurements  of  Fog,  Rain  and  Snow," 
Ballistic  Research  Laboratory,  Memo  Report  ABRL-MR-2800,  Aberdeen  Proving 
Ground,  MD  21 00b 

3eA.  M.  Zavody  and  3.  N.  Harden,  1976,  "Attenuatlon/Raln-rate  Relation¬ 
ships  at  36  and  110  GHz,"  Electronics  Letters.  12:422 
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*For  experiments  below  30  GHz,  see  Matson’s  comprehensive  survey  (ref  33). 


36  and  110  GHz.  Despite  the  compressed  ordinate  scale  of  the  110-GHz 
attenuation,  the  sensitivity  to  smaller  drop  sizes  Is  evident  In  the 
more  divergent  theoretical  curves  and  the  greater  scattering  of  measured 
data  points.  The  authors  appeared  satisfied  with  the  results  at  35  GHz. 
Two  plausible  explanations  were  offered  for  the  wide  scattering  of  points 
at  110  GHz.  The  first  was  that  drops  0.5  mm  or  less  were  not  counted 
due  to  equipment  limitations,  and  there  was  no  way  to  check  the  original 
against  the  theoretical  drop-size  distributions.  The  second  Is  an  error 
due  to  the  sensitivity  of  small  drops  to  updrafts  and  downdrafts.  This 
Is  a  serious  problem  since  the  number  reaching  the  dlsdrometer  and  the 
fall  velocity  would  change  unpredlctably.  No  longer  would  the  Gunn  and 
Klnzer  estimates  for  the  small  drops  apply  because  these  were  done  In 
stagnant  air.25  On  anotner  point,  the  authors  comment  that  their  cal¬ 
culations  show  that  whether  a  raindrop  Is  modeled  as  a  sphere  or  a 
spheroid  Is  significantly  less  Important  to  attenuation  at  110  GHz  than 
at  36  GHz.  They  based  their  calculations  on  Oguchl 39  who  extended  Mle 
theory  to  aspherlcal  drops  and  their  effect  on  centimeter  and  millimeter 
waves.  One  explanation  of  this  Insensitivity  put  forth  by  others  Is  that 
at  higher  millimeter  wavelengths,  small  drops  contribute  more  to  atten¬ 
uation  and  deform  very  little  during  their  fall  through  space.37*40 
At  lower  frequencies,  shape  Is  unimportant  since  small  drops  contribute 
little  to  attenuation. 

Another  distinct  advantage  of  dual  frequency  experiments  exploited  by 
Zavody  and  Harden30  and  Ho  et  al41  Is  the  elimination  of  rainfall  rate 
and  any  attendant  measurement  errors  by  plotting  attenuation  at  the  two 
frequencies  against  each  other.  Theoretical  attenuation  curves  from 
original  or  known  drop-size  distributions  can  be  superimposed  on  the 
plot  for  comparison.  Doth  papers  report  good  agreement  with  Laws-Parsons 
or  Joss  distributions. 


25R.  Gunn  and  G.  D.  Klnzer,  1949,  "The  Terminal  Velocity  of  Fall  for 
Water  Droplets  In  Stagnant  Air,"  J  Meteorol .  6:243 

39T.  Oguchl,  1973,  "Attenuation  and  Phase  Rotation  of  Radio  Waves 
Due  to  Rain:  Calculations  at  19.3  and  34.8  GHz,"  Radio  Scl ,  8:31 

37V.  W.  Richard,  J.  E.  Kammerer,  and  R.  G.  Reitz,  1977,  "149-GHz 
Attenuation  and  Optical  Visibility  Measurements  of  Fog,  Rain  and  Snow," 
Ballistic  Research  Laboratory,  Memo  Report  ABRL-MR-2800,  Aberdeen  Proving 
Ground,  MD  21005 

40J.  Sander,  1975,  "Rain  Attenuation  of  Millimeter  Waves  at 
X  ■  5.77,  3.3,  and  2mm,"  IEEE  Trans  Antennas  Propagat.  AP-23: 213 

38A.  M.  Zavody  and  B.  N.  Harden,  1976,  "Attenuatlon/Raln-rate  Relation¬ 
ships  at  36  and  110  GHz,"  Electronics  Letters.  12:422 

41K.  I.  Ho,  N.  D.  Mavrokoukoulakls,  and  R.  S.  Cole,  1978,  "Rain-Induced 
Attenuation  at  36  GHz  and  110  GHz,"  IEEE  Trans  Antennas  Propagat, 

AP-26 : 873 
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The  recent  work  by  Keizer  et  al  In  19782S  at  94  GHz  merits  separate  dis¬ 
cussion  for  Its  clarity  of  presentation  and  attention  to  Important  de¬ 
tails.  It  Includes  a  thorough  explanation  of  how  drop-size  distribution 
Is  obtained  by  the  Incorporation  of  drop-size  class  data  Into  density 
and  rainfall  rate  expressions.  Sources  of  error  are  discussed  with  care. 
For  Instance,  the  results  of  a  wetting  test  on  the  antenna  are  presented 
in  a  table  listing  wetting  condition  versus  loss  In  decibels.  Fluc¬ 
tuations  of  5.8  dB  or  over  for  a  wet  antenna  or  radome  are  believed  un¬ 
acceptable  for  short  paths  by  the  authors.  The  results  of  their  experi¬ 
ment  are  seen  In  figures  7  and  8.  Satisfactory  agreement  between 
measured  and  calculated  attenuations  at  most  rainfall  rates  Is  evident. 

But  at  low  rates,  there  Is  a  tendency  for  measured  attenuation  to  be 
higher.  According  to  the  authors,  a  plausible  cause  Is  the  Inability 
of  the  dlsdrometer  to  record  drops  smaller  than  0.3  mm  diameter.  This 
seems  reasonable  since  the  attenuation  calculated  from  their  dlsdrometer 
data  would  underestimate  attenuation  at  this  high  millimeter  frequency. 

It  Is  worth  noting  that  this  calculated  attenuation  (shown  as  +  in 
figure  7)  agrees  very  well  with  the  theoretical  curves,  thus  bringing 
up  the  possibility  that  the  number  of  small  drops  Is  underestimated 
when  data  are  extrapolated  to  diameters  below  0.3  mm.  Extrapolation 
has  been  the  rule  for  the  Laws-Parsons  with  diameters  less  than  0.5  mm, 
Marshall-Palmer  less  than  1.0  mm,  and  Joss  et  al  less  than  0.3  mm.10*'1**24 
The  data  of  figure  5  of  llgal  et  al  need  to  be  verified  because  of  the 
Importance  of  small  drop  sizes  at  the  shorter  millimeter  wavelength. 

A  recent  Important  paper  on  the  aRb  relation  Is  that  of  Olsen,  Rogers, 
and  Hodge.32  In  their  Introduction,  the  authors  state  that  Medhurst's 
doubts  on  theoretical  calculations30  have  been  repudiated  In  recent 
years  with  Improved  rain  rate  sampling  techniques  and  that  a  more  theo¬ 
retical  approach  to  this  empirical  relation  Is  due.  First,  the  authors 

show  A  ■  aRb  (equation  (3))  to  be  an  approximation  to  an  Infinite  series 


Z8W.  P.  M.  N.  Keizer,  J.  Snleder,  and  C.  D.  de  Haan,  1978,  "Rain  Atten 
uatlon  Measurements  at  94  GHz:,,  Comparison  of  Theory  and  Experiment," 
DPP  Symposium,  Neublberg  bel  Munchen,  Germany 

10J.  Joss  and  A.  Waldvogel,  1969,  "Raindrop  Size  Distribution  and 
Sampling  Size  Errors,"  J  Atmos  Sc  1  ,  26:566 

«•—  —  __l  ■  1  v»- 

nJ.  0.  Laws  and  D.  A.  Parsons,  1943,  "The  Relation  of  Raindrop  Size 
to  Intensity,"  Trans  Am  Geophvs  Union,  24:452 

24J.  S.  Marshall  and  W.  McK.  Palmer,  1948,  "The  Distribution  of  Rain¬ 
drops  with  Size,"  J  Meteorol ,  5:165 

32R.  L.  Olsen,  D.  V.  Rogers,  and  D.  B.  Hodge,  1978,  "The  aRb  Relation 
In  the  Calculation  of  Rain  Attenuation,"  1978,  IEEE  Trans  Antennas 
Propagat,  AP-26: 318 

30R.  G.  Medhurst,  1965,  "Rainfall  Attenuation  of  Centimeter  Waves: 
Comparison  of  Theory  and  Measurement,"  IEEE  Trans  Antennas  Propagat. 
AP- 13:550 
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Figure  7.  Measured  and  calculated  rainfall  attenuation  versus  rainfall  rate 
at  94  GHz  (ref  28). 


RAINFALL  RATE  IN  MM/HK 


Figure  8.  Difference  of  measured  and  calculated  rainfall  attenuation  (ref  28). 
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relation  which  Includes  the  effect  of  frequency,  rain  temperature,  and 
drop-size  distribution  parameters  In  the  higher  order  terms.  The  drop- 
size  distribution,  In  turn.  Is  shown  to  be  an  approximation  of  a  modified 
gamma  function.  Next,  to  facilitate  calculations  at  single  frequencies 
for  workers  wanting  to  obtain  attenuation  directly,  three  tables  cor¬ 
responding  to  20°C,  0°C,  and  -10°C  were  generated  from  Mle  computations 
for  spherical  drops.  Values  for  a  and  b  for  41  frequencies  between  1 
and  1000  GHz  for  five  drop-size  distributions  are  listed  In  each  table. 
The  authors'  comments  on  the  drop-size  distributions  and  their  choice 
of  two  distributions  to  characterize  the  Laws-Parsons  values  are  worth 
reading  carefully.  Finally,  Olsen  et  al  derive  analytic  expressions 
for  a  and  b  from  rigorous  Mle  calculations  which  are  more  amenable  to 
computer  generation  of  multiple-frequency  curves.  The  frequency  band 
of  1  to  10C0  GHz  Is  divided  Into  four  segments,  each  with  four  power 

law  relationships  of  the  form  A  »  aR^.  Two  conclusions  by  the  authors 
are  considered  here: 

1.  "...  The  results  show  the  parameters  a  and  b  to  be  least 
sensitive  to  drop-size  distribution  In  the  frequency  range  10  -  30  GHz. 

This  Is  also  the  range  where  the  relation  A  »  aR^  is  most  accurate." 

2.  Above  10  GHz,  the  tabulated  values  of  the  Laws-Parsons  dis¬ 
tribution  at  0aC  Is  recommended.  A  "high"  rain  rate  or  a  "low"  rain 
rate  value  may  be  chosen  for  a  frequency. 

A  summary  of  what  has  bean  presented  so  far  In  this  section  shows  that 
agreement  between  measured  and  theoretical  attenuation  has  been  better 
since  Medhurst's  time.  This  better  agreement  Is  due,  at  least  partly, 
to  Improved  rain  sampling  by  Increased  usage  of  fast-response  dlsdro- 
meters  and  rain  gauges.  There  Is  an  awareness  of  the  Importance  of 
sampling  periodically  at  faster  rates  rather  than  relying  on  cumulative 
data.  Watson33  reports  that  a  rain  gauge  with  a  response  slower  than 
15  s  will  underestimate  rainfall  Intensity  at  a  site  and  will  result  in 
a  prediction  of  low  attenuation  as  reported  by  Medhurst  and  other  workers 
10  years  ago. 

In  future  research,  the  parameters  of  existing  drop-size  distributions 
need  to  be  reexamined.  Although  the  Laws-Parsons  distribution  of  1943 
In  particular  has  stood  the  test  of  time  below  50  GHz,  Its  underesti¬ 
mation  of  small  drops  In  light  rain  should  give  values  of  attenuation 
which  are  too  low  at  higher  millimeter  wavelengths  according  to  Watson.33 
This  has  been  the  case  with  the  results  of  Keizer  et  al.28  Waldvogel 
reported  that  the  proportion  of  small  drops  can  be  much  higher  In  a 


33M.  Watson,  1976,  "Survey  of  Measurements  of  Attenuation  by  Rain  and 
other  Hydrometeors,"  Proc  IEEE,  123:863 

28W.  P.  M.  N.  Keizer,  0.  Snleder,  and  C.  D.  de  Haan,  1978,  "Rain  Atten¬ 
uation  Measurements  at  94  GHz:  Comparison  of  Theory  and  Experiment," 
EPP  Symposium,  Neublberg  bei  Miinchen,  Germany 
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thunderstorm  than  In  a  uniform  widespread  rain  of  similar  rainfall.15 
As  recently  as  1978,  Kharadly  et  al  analyzed  over  100  hr  of  rain  activity 
and  found  several  Instances  where  the  measured  attenuation  was  outside 
the  limits  of  Joss's  distributions19  which  enclose  all  values  of  the 
Laws-Parsons  distribution.  In  the  light  of  Keizer  and  Kharadly 1 s  find¬ 
ings,  it  may  be  Instructive  to  examine  Ugal  et  al  1977  work  more  closely. 1?- 
After  noticing  that  their  measured  attenuation  was  two  or  three  times  the 
value  predicted  by  the  Laws-Parsons  distribution,  the  authors  measured 
drops  down  to  the  0.05  mm  range  by  Improvements  in  the  first  two  tech¬ 
niques  for  directly  measuring  raindrop  sizes  listed  on  page  9.  A  com¬ 
parison  of  Ugal  et  al  and  the  Marshall-Palmer/Laws-Parsons  distributions 
can  be  made  with  figures  4  and  5.  Both  are  In  the  same  units  of  number 
of  drops  per  volume  and  rainfall  rate.  Three  points  become  evident: 

1.  There  are  more  drops  In  the  below  0.5  mm  range  than  a  simple 
extrapolation  of  large  diameter  data  would  predict  as  In  the  Marshal  1- 
Palmer  and  Laws-Parsons  distributions. 

2.  The  proportion  of  drops  In  each  size  class  remains  about  the 
same  regardless  of  the  rainfall  Intensity.  This  Is  not  the  case  in 
the  theoretical  distributions  where  lighter  rainfalls  have  propor¬ 
tionately  more  small  raindrops. 

3.  At  drop  sizes  0.5  mm  or  larger  all  distributions  are  In  agree¬ 
ment,  a  point  made  by  the  authors  In  their  paper. 

More  data  are  needed  in  the  size  range  below  0.3  mm  to  substantiate  or 
refute  the  findings  of  Waldvogel  and  Ugal  et  al.  However,  this  sub¬ 
stantiation  or  refutation  can  be  done  only  by  Improving  or  developing 
dlsdrometers  capable  of  counting  In  this  range  with  response  times  of 
less  than  a  second.  Also,  more  dlsdrometers  need  to  be  employed  at  one 
time  to  delineate  the  microstructure  of  a  rainfall  event.  Three  dlsdro¬ 
meters  appear  to  be  the  maximum  number  placed  out  for  a  millimeter  ex¬ 
periment  at  this  date,40'  probably  because  dlsdrometers  are  electronic 
devices  and  expensive  compared  to  tipping  bucket  rain  gauges.  One 
Ingenious  way  to  circumvent  this  problem  Is  to  find  the  path-averaged 
distribution  of  raindrops  and  rain  rate  with  a  single  Instrument.  Such 


15A.  Waldvoael.  1974.  "The  N_  Jump  of  Raindrop  Spectra,"  J  Atmos  Scl , 
31:1067  0 

19M.  M.  Kharadly,  J.  D.  McNIcol,  and  J.  B.  Peters,  1978,  "Measurement  of 
Attenuation  Due  to  Rain  at  74  GHz,"  EPP  Symposium,  Neublberg  bel  Miinchen, 
Germany 

12S.  Ugal,  K.  Kato,  M.  Nlshljlma, J.„  Kan,  and  K.  Tazakl,  1977,  "Fine 
Structure  of  Rainfall,"  Ann  des  Telecom,  32:422 

40J.  Sander,  1975,  "Rain  Attenuation  of  Millimeter  Waves  at  \  ■  5.77, 

3.3,  and  2mm,"  IEEE  Trans  Antennas  Propaqat.  AP-23 : 21 3 
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a  device  projecting  a  laser  beam  along  the  rain  path  has  been  developed 
by  the  National  Oceanic  and  Atmospheric  Administration  at  Boulder, 
Colorado. 1,2 


Backscatter  from  Rain,  Z  =  ARb 

During  World  War  II,  several  workers3*29  used  Mle  computations  for 
theoretical  Investigations  of  the  potential  of  monostatic  radar  to 
locate  and  characterize  meteorological  phenomena.  Thus  radar  meteo¬ 
rology  was  born,  a  field  which  has  been  given  a  comprehensive  treat¬ 
ment  In  the  standard  reference  by  Battan  for  frequencies  up  to  about 
40  GHz.43  As  In  attenuation,  a  relation  between  equipment  parameters 
(In  this  case,  radar)  and  rainfall  rate  Is  needed  for  measurement  pur¬ 
poses.  This  relation  Is  the  familiar  Z-R  relation,  usually  stated  In 
the  form: 


Z  -  ARb, 


(4) 


where 


1  ■  reflectivity  factor  In  m2/m3  (cross  section/unit  volume) 

.  R  ■  rainfall  rate  In  millimeters  per  hour 

A  and  b  are  dependent  on  frequency,  temperature,  etc. 

In  an  extensive  survey  on  radar  rain  backscatter  before  1969,  Stout  and 
Mueller  reported  differences  of  more  than  500  percent  for  the  same  rain¬ 
fall  among  Investigators.44  One  source  of  error  Is  the  small  area 
sampled  by  rain  gauges  or  dlsdrometers  compared  to  the  area  underlying 
a  radar  resolution  cell.  Radar  and  a  single  tipping  bucket  rain  gauge 
can  differ  by  a  factor  of  two  In  estimating  the  amount  of  rain  In  a 


42T1ng-1  Wang,  K.  B.  Earnshaw,  and  R.  S.  Lawrence,  1979,  "Path- 
averaged  Measurements  of  Rain  Rate  and  Raindrop  Size  Distribution 
Using  a  Fast-response  Optical  Sensor,"  J  Appl  Meteorol  (In  print) 

3K.  L.  S.  Gunn  and  T.  W.  R.  East,  1954,  "The  Microwave  Properties  of 
Precipitation  Particles,"  Quart  J  Roy  Meteorol  Soc,  80:522 

29J.  W.  Ryde,  1946,  "The  Attenuation  of  Centimeter  Radio  Waves  and  the 
Echo  Intensities  Resulting  from  Atmospheric  Phenomena,"  JIEE,  Vol  93, 
Part  IIIA,  No.  1,  p.  101 

43L.  J.  Battan,  1973,  Radar  Observation  of  the  Atmosphere,  Chicago: 

The  University  of  Chicago  >ress 

44G.  E.  Stout  and  E.  A.  Mueller,  1968,  "Survey  of  Relationships  Between 
Rainfall  Rate  and  Radar  Reflectivity  In  the  Measurement  of  Precipitation 
J  Appl  Meteorol ,  7:465 


cell.45  Even  with  seven  tipping  buckets,  Desautels  and  Gunn  found 
that  If  a  single  averaged  relation  Z  =  AR1,6  derived  from  five  storms 
was  used  to  find  the  amount  of  rainfall  for  one  storm,  errors  ranging 
from  -35  to  +54  percent  could  result.46  On  the  other  hand,  Joss  and 
Waldvogel  In  a  paper  presented  at  the  same  radar  meteorology  conference 
claimed  to  double  the  accuracy  of  radar  rain  measurements  by  the  use 
of  the  A-R  relations  corresponding  to  their  drizzle,  widespread,  and 
thunderstorm  conditions.47  Stout  and  Mueller  also  classified  Z-R 
relations  by  general  meteorological  conditions.  After  examining 
44  pairs  of  A  and  b  values  by  13  Investigators  In  their  paper,  they 
concluded  that  differences  appear  to  be  related  primarily  to  geographic 
area,  and  secondarily  to  rain  type  (continuous,  showers,  thunderstorms) 
and  synoptic  class  (fronts,  occlusions,  waves,  etc.).44 

During  the  past  decade,  agreement  between  theory  and  measurement  at 
centimeter  radar  frequencies  has  been  generally  good48*49  probably 
with  Improvement  In  meteorological  instrumentation.  Another  reason 
for  good  results  Is  that  centimeter  radar  operates  In  the  Rayleigh 
region  where  raindrop  diameter  Is  small  compared  to  wavelength  and 
drop  shape  Is  not  Important.  The  reflectivity  factor  Z  becomes  In¬ 
dependent  of  wavelength  and  can  function  as  a  method  of  comparing 


45M.  C.  Hodson,  1970,  "Rainfall  Rate  Variation  Within  a  Radar  Resolution 
Cell,"  Am  Meteorol  Soc,  14th  Radar  Meteorol  Conference,  Tucson,  AZ, 
p.  241  - 

46G.  Desautels  and  K.  L.  S.  Gunn,  1970,  "Comparison  of  Radar  with  Net¬ 
work  Gauges,"  14th  Radar  Meteorol  Conference,  Tucson,  AZ,  p.  239 

47J.  Joss  and  A.  Waldvogel,  1970,  "A  Method  to  Improve  the  Accuracy  of 
Radar  Measured  Amounts  of  Precipitation,"  J  Atmos  Scl ,  26:566 

44G.  E.  Stout  and  E.  A.  Mueller,  1968,  "Survey  of  Relationships  Between 
Rainfall  Rate  and  Radar  Reflectivity  In  the  Measurement  of  Precipitation," 
J  Appl  Meteorol,  7:465 

‘8N.  C.  Currie,  F.  B.  Dyer,  and  R.  D.  Hayes,  1975,  "Some  Properties  of 
Radar  Returns  from  Rain  at  9.375,  35,  70,  and  95  GHz,"  IEEE  Inter¬ 
national  Radar  Conference,  p.  215 

49R.  K.  Crane  and  H.  K.  Burke,  1978,  "The  Evaluation  of  Models  for 
Atmospheric  Attenuation  and  Backscatter  Characteristic  Estimation  at 
95  GHz,"  ERT  Document  No.  P-3606,  Environmental  Research  and  Tech¬ 
nology,  Inc.,  696  Virginia  Rd,  Concord,  MA  01742 
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backscatter  at  different  wavelengths. 8  Generally  at  these  low  fre¬ 
quencies,  Z,  as  well  as  attenuation.  Increases  as  the  rain  rate  In¬ 
creases.48 

At  millimeter  frequencies,  the  larger  drops  are  comparable  In  size 
to  the  wavelength  and  frequency-dependent  Mle  scattering  dominates, 
although  very  small  drops  may  still  be  Rayleigh-scattered  as  In  the 
case  of  fog  droplets.  For  Mle-scattered  waves,  the  actual  drop-size 
distribution  Is  the  most  Important  factor  to  consider.48  Theoreti¬ 
cal  rain  backscatter  computations,  often  based  on  the  Laws-Parsons 
distribution,  have  been  extended  Into  the  millimeter  region  by  several 
workers. 3,35,50, si  According  to  Richard  and  Kammerer,52  the  Soviets 
have  published  extensively  on  theory— at  times  based  on  their  own 
d1str1but1ons--but  have  done  no  measurements  to  verify  their  findings. 


i 
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|  8R.  L.  Mitchell,  1966,  "Radar  Meteorology  at  Millimeter  Wavelengths," 

!  Aerospace  Corporation,  Report  TR-669{ 6230-46) -9 ,  AD  488065 

48N.  C.  Currie,  F.  B.  Dyer,  and  R.  D.  Hayes,  1975,  "Some  Properties 
of  Radar  Returns  from  Rain  at  9.375,  35,  70,  and  95  GHz,"  IEEE  Inter¬ 
national  Radar  Conference,  p.  215 

35R.  K.  Crane,  1966,  "Microwave  Scattering  Parameters  for  New  England 
Rain,"  Lincoln  Lab  MIT  Technical  Report  426,  AD  647798 

S0A.  Downs,  1975,  "A  Model  for  Predicting  the  Rain  Backscatter  from 
A  70-GHz  Radar,"  BRL  Memorandum  Report  2467,  AD  A009699 

51D.  E.  Setzer,  1970,  "Computed  Transmission  Through  Rain  at  Micro- 
wave  and  Visible  Frequencies,"  Bell  System  Tech  J.  49:1873 

52V.  W.  Richard  and  J.  E.  Kammerer,  1975,  "Rain  Backscatter  Measure¬ 
ments  and  Theory  at  Millimeter  Wavelengths,"  US  Army  Ballistic  Research 
Laboratory,  Report  No.  1838,  Aberdeen  Proving  Ground,  MD  21005, 

AD  B00817L 
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Also  In  the  West*  millimeter  measurements  of  backscatter  are  almost 
nonexistent  except  for  the  multiwave  experiment  to  be  discussed  next.49 

The  multiwave  backscatter  experiment  at  10,  35,  70  and  95  GHz  at  rain 
Intensities  from  1  to  100  mm/hr  by  Richard  and  Kammerer52  Is  the  most 
thorough  work  t.o  date  on  rain  backscatter  at  millimeter  wavelengths. 
Especially  valuable  Is  the  ability  to  relate  commonplace  X-band  (10  GHz) 
backscatter  data  (reportedly  In  good  agreement  with  theory)  to  scatter 
at  higher  frequencies  for  the  same  rain  condition.  For  meteorological 
data,  raindrop-size  distributions  for  short  periods  were  taken  along 
with  longer  duration  tipping  bucket  readings.  The  authors  claimed  good 
agreement  at  all  frequencies.  They  found  only  a  5  dB  maximum  difference 
between  their  measured  backscatter  and  theoretical  values  based  on  sev¬ 
eral  distributions.  Particularly  satisfying  was  the  decrease  In  back¬ 
scatter  above  70  GHz  predicted  by  theory.  Although  the  authors  and 
Crane  who  reviewed  this  experiment  In  197849  believe  that  theory  based 
on  known  average  drop-size  distributions  has  been  shown  to  be  valid, 
they  caution  that  not  enough  Is  known  about  drop-size  distributions  to 
calculate  reliable  estimates  of  backscatter  for  any  short-time  event. 

It  would  be  Instructive  to  eliminate  rainfall  rate  and  errors  associated 
with  Its  computation  by  plotting  simultaneous  values  for  backscatter  for 
pairs  of  frequencies  as  were  done  by  British  Investigators  for  one-way 
attenuation. 38  »41 

In  summary  of  the  foregoing,  backscatter,  like  attenuation,  shows  agree¬ 
ment  between  theory  and  measurement  at  millimeter  wavelengths  although 
measurements  are  very  meager  at  this  time.  There  Is  also  the  same  need 
to  characterize  the  raindrop  spectra  In  space  and  time. 

FOGS  AND  CLOUDS 

The  small  particle  sizes  of  fogs  and  clouds  permit  the  use  of  Rayleigh 
approximations  at  millimeter  frequencies*,3  therefore,  attenuation  Is 


49R.  K.  Crano  and  H.  K.  Burke,  1978,  "The  Evaluation  of  Models  for 
Atmospheric  Attenuation  and  Backscatter  Characteristic  Estimation  at 
95  GHz,"  ERT  Document  No.  P-3606,  Environmental  Research  and  Tech¬ 
nology,  Inc.,  696  Virginia  Rd,  Concord,  MA  01742 

S2V.  W.  Richard  and  J.  E.  Kammerer,  1975,  "Rain  Backscatter  Measure¬ 
ments  and  Theory  at  Millimeter  Wavelengths,"  US  Army  Ballistic  Research 
Laboratory,  Report  No.  1838,  Aberdeen  Proving  Ground,  MD  21005, 

AD  B00817L 

30A.  M.  Zavody  and  B.  N.  Harden,  1976,  "Attenuatlon/Raln-rate  Relation¬ 
ships  at  36  and  110  GHz,"  Electronics  Letters.  12:422 

4 1 K.  I.  Ho,  N.  D.  Mavrokoukoulakls,  and  R.  S.  Cole,  1978,  "Rain-Induced 
Attenuation  at  36  GHz  and  110  GHz,"  IEEE  Trans  Antennas  Propagat, 

AP-26 : 873 

3K.  L.  S.  Gunn  and  T.  W.  R.  East,  1954,  "The  Microwave  Properties  of 
Precipitation  Particles,"  Quart  J  Roy  Meteorol  Soc,  80:522 
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Independent  of  particle  size  distribution7  and  consists  almost  entirely 
of  molecular  absorption. 33  Attenuation  is  very  dependent  on  liquid 
water  content  and  temperature.8  Theoretical  calculations  by  Koester 
and  Kosowsky54’55  at  millimeter  wavelengths  reveal  that  a  low- 
temperature  fog  may  more  than  double  the  attenuation  caused  by  a  trop¬ 
ical  fog  for  the  same  liquid  water  content. 

Despite  the  strong  temperature  dependency,  fog  droplets  attenuate 
millimeter  waves  about  one  order  of  magnitude  less  than  raindrops. 

This  difference  Is  seen  by  the  following  range  of  values  taken  from 
Rainwater5  for  35  and  95  GHz: 

Fog  0.034  -  0.47  dB/km 

Rain  0.24  -  4  dB/km 

Rain  appears  to  be  more  significant  In  affecting  millimeter  waves  than 
fog  or  clouds.  However,  confirmation  is  needed  in  cold  advectlve  fogs 
which  theory  predicts  as  the  worst-case  condition. 


7W.  L,  Gamble  and  T.  D.  Hodgens,  1977,  "Propagation  of  Millimeter  and 
Submil llmeter  Waves,"  US  Army  MIRADCOM  Technical  Report  TE-77-14, 

AD  B023622 

53R.  D.  Etcheverry,  G.  R.  Heidbreder,  and  W.  A.  Johnson,  1967,  "Measure¬ 
ments  of  Spatial  Coherence  In  3.2mm  Horizontal  Transmission,"  IEEE 
Trans  Antennas  Propagat,  AP- 1 5 : 1 36 

eR.  L.  Mitchell,  1966,  "Radar  Meteorology  at  Millimeter  Wavelengths," 
Aerospace  Corporation,  Report  TR-669(6230-45)-9,  AD  488085 

5l*K.  L.  Koester  and  L.  H.  Kosowsky,  1970,  "Attenuation  of  Millimeter 
Waves  In  Fog,"  Amer  Meteorol  Soc,  14th  Radar  Meteorol  Conference. 

Tucson,  AZ,  p.  2’3T 

55K.  L.  Koester  and  L.  H.  Kosowsky,  1971,  "Millimeter  Wave  Propagation 
In  Fog,"  IEEE  Antennas  and  Propagation  Symposium,  Los  Angeles,  CA, 
p.  329 

5J.  H.  Rainwater,  1977,  "Weather  Affects  MM  Wave  Missile  Guidance 
Systems,"  Microwaves,  September,  p.  62 
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TURBULENCE 


Small-scale  fluctuations  at  centimeter  and  millimeter  frequencies,  par¬ 
ticularly  of  atmospheric  water  vapor,  are  known  to  cause  local  changes 
In  the  refractive  Index.  It  follows  then  that  limitations  may  be  Im¬ 
posed  on  Instruments  relying  on  the  spatial  and  temporal  coherence  of 
wavefronts  such  as  radio  Interferometers  and  pencil  beam  tracking 
radars.53*  Field  experiments  In  Hawaii,56*57  the  British  Isles,58”61 
and  the  Soviet  Union62*63  strongly  suggest  that  Tatarskl's  theory  of  op¬ 
tical  wave  propagation  through  a  turbulent  medium64  as  further  developed 
by  Clifford  and  Strohbehn65  and  Ishlmaru66  may  be  useful  In  gauging  the 
magnitude  of  scintillations  experienced  by  millimeter  waves  In  the  lower 
atmosphere. 

In  England,  Mavrokoukoulakls  et  al  found  that  the  frequency  spectra  of 
amplitude  fluctuations  at  36  GHz  and  110  GHz  followed  Tatarskl's  -8/3 
power  law,  and  the  ratio  of  the  fluctuations  followed  Ishlmaru 1 s  for¬ 
mulas  for  comparing  two  radio  frequencies.61  The  authors  also  found 
good  agreement  with  the  experimental  work  In  Hawaii  which  compared  9.6 
to  34.5  GHz,56 

To  apply  Tatarskl's  theory,  an  estimate  of  the  physical  length  of  the 
outer  scale  of  turbulence  is  needed.  One  Indirect  way  Is  to  derive  It 
from  the  variances  computed  for  the  phase  or  amplitude  fluctuations  at 
two  frequencies.60  The  most  direct  way  pertinent  to  millimeter  and 
centimeter  wavelengths  Is  to  obtain  the  spectral  density  of  water  vapor 
fluctuations  C2  during  the  experiment.  However  C2  Is  a  difficult  measure¬ 
ment  to  obtain,  and  It  Is  customarily  found  Indirectly  through  values 
of  the  outer  scale  of  the  refractive  Index  or  the  temperature  fluc¬ 
tuations,  C2  or  C2,  respectively.59*50  The  scintillation  and  temperature 

experiment  of  Ho  et  al59  Is  a  straightforward  example  of  how  an  estimate 
of  C2  Is  used  to  Independently  verify  that  the  signal  scintillations  are 

within  the  limitations  imposed  by  the  conditions  of  Tatarskl's  theory. 

The  authors  found  an  outer  scale  of  about  25  m. 

In  summary  of  turbulence  at  millimeter  wavelengths,  millimeter-wave 
scintillations  may  be  explainable  by  an  extension  of  Tatarskl's  theory 
from  optical  wavelengths.  However,  there  Is  need  to  measure  the  outer 
scale  of  turbulence  during  millimeter-wave  experiments  because  this 
scale  is  needed  to  apply  Tatarskl's  theorems,  and  data  are  virtually 
nonexistent  at  this  date. 


CONCLUSIONS 

No  lengthy  conclusion  Is  Included  here  since  this  report  Is  a  survey  In¬ 
tended  to  present  the  atmosphere's  effect  on  millimeter  waves.  Instead, 


*$ee  reference  section  for  references  cited  on  this  page. 
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the  reader  Is  referred  to  the  summaries  at  the  end  of  the  major  break¬ 
downs  of  the  report.  Most  of  this  review  Is  on  rain  and  raindrop-size 
distributions.  This  is  appropriate  because  rain,  the  most  common  non- 
gaseous  constituent  of  the  lower  atmosphere,  also  has  the  greatest  effect 
on  millimeter  waves,  and  raindrop-size  distributions  are  needed  to  com¬ 
pute  the  actual  and  theoretical  effect  of  rain  on  radio  wave  propagation. 
The  common  thread  running  through  this  review  Is  the  still  pressing  need 
to  acquire  short-time  data  on  raindrop-size  distributions,  particularly 
In  the  smallest  size  classes.  Similarly,  data  on  atmospheric  fluctua¬ 
tions  are  needed  to  study  the  behavior  of  millimeter  waves  In  turbulence. 
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Fornestal  Building 
Washington,  DC  20314 

Director 

Naval  Research  Laboratory 
ATTN:  Code  5530 
Washington,  DC  20375 

D1 rector 

Naval  Research  Laboratory 
ATTN:  Code  2627 
Washington,  DC  20375 

Di rector 

Naval  Research  Laboratory 
ATTN:  Code  1409 

(Dr.  J.  M.  MacCallum) 

Washington,  DC  20375 

Director 

Naval  Research  Laboratory 
ATTN:  Code  5567 

(Dr.  James  A.  Dowling) 

Washington,  DC  20375 
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Di rector 

Naval  Research  Laboratory 
ATTN:  Code  5567 
(Or.  Steve  Hanley) 

Washington,  DC  20375 

Director 

Naval  Research  Laboratory 
ATTN:  Code  8320 

(Dr.  L.H.  Ruhnke) 
Washington,  DC  20375 

The  Library  of  Congress 
ATTN:  Exchange  &  Gift  DI v 
Washington,  DC  20540 
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Head,  Atmos  Rsch  Section 
Dlv  Atmospheric  Science 
National  Science  Foundation 
1800  G.  Street,  NW 
Washington,  DC  20550 

ADTC/DLODL 

Eg! In  AFB,  FL  32542 

Naval  Tracing  Equipment  Center 
ATTN:  Technical  Library 
Orlando,  FL  32813 

Georgia  Institute  of  Technology 
ATTN:  Dr.  James  Wlltse 
Atlanta,  GA  30332 

Georgia  Institute  of  Technology 
ATTN:  Dr.  Robert  McMillan 
Atlanta,  GA  30332 

Georgia  Institute  of  Technology 
ATTN:  Mr.  James  Gallagher 
Atlanta,  GA  30332 

Commander 

US  Army  Infantry  Center 
Fort  Bennlng,  GA  31805 

Commander 

US  Army  Infantry  Center 
ATTN:  AT2B-CD 
Fort  Bennlng,  GA 


US  Army  Signal  School 

ATTN:  ATSN-CD 

Fort  Gordon,  GA  30905 

USAFETAC 

Scott  AFB,  IL'  62225 
Commander 

Air  Weather  Service 

ATTN j  DNPP  (LTC  Donald  Hodges) 

Scott  AFB,  IL  62269 

Commander 

US  Army  Combined  Arms  Center 
ATTN:  ATCA-CAA-Q  (Kent  Pickett) 
Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CS 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CCC 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CDC 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CDE 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Combined  Arms  Center 

ATTN:  ATCA-CCM 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Armor  Center 
ATTN:  ATZK-AE-TA 

(Dr.  Charles  Leake) 

Fort  Knox,  KY  40121 


31805 


Commander 

US  Anny  Armor  Center 
ATTN:  ATZK-CD 
Fort  Knox,  KY  401 21 

Aerodyne  Research  Inc. 

ATTN:  Dr.  John  Ebersole 
Bedford  Research  Park 
Crosby  Drive 
Bedford,  MA  01730 

Commander 

Air  Force  Geophysical  Laboratory 
ATTN:  OPI  (Dr.  R.A,  McClatchey) 
Hanscotn  AFB,  MA  01731 

Commander 

Air  Force  Geophysical  Laboratory 
ATTN:  OPI  (Dr.  R.  Fenn) 

Hanscom  AFB,  MA  01731 

Commander 

US  Army  Ordnance  Center  and  School 
ATTN:  ATSL-CD 

Aberdeen  Proving  Ground,  MD  21005 
Commander 

US  Army  Ordnance  &  Chemical  Center 
and  School 

ATTN:  ATSL-CLC  (Dr.  Thomas  Welch) 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Ballistic  Rsch  Laboratory 
ATTN:  Dr.  Robert  Elchelberge 
Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Ballistic  Rsch  Laboratory 

ATTN:  Mr,  Alan  Downs 

Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Ballistic  Rsch  Laboratory 
ATTN:  DRDAR-BLB  (Mr.  Arthur  LaGrange) 
Aberdeen  Proving  Ground,  MD  21005 


Commander 

US  Army  Ballistic  Research  Laboratory 

ATTN:  Mr.  Richard  McGee 

Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DR D PM- SMC  (COL  H.  Shelton) 

Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMC  (Dr.  T.  Van  de  Wal  Jr.) 
Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMC  (Mr.  G.  Bowman) 

Aberdeen  Proving  Ground,  MD  21005 

Project  Manager 
Smoke/Obscurants 

ATTN:  DRDPM-SMC  (Mr.  J.  Steedman) 

Aberdeen  Proving  Ground,  MD  21005 

Commander 

US  Army  Test  &  Evaluation  Command 
ATTN:  DRSTE-AD-M  (Mr.  Warren  M.  Bally) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-LA  (Mr,  Paul  Frossel  1  ) 
Aberdeen  Proving  Ground,  MD  21005 

D1 rector 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  PRXSY-LA  (Mr.  Michael  Starks) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-LA  (Mr.  William  Smith) 
Aberdeen  Proving  Ground,  MD  21005 

Director 

US  Army  Material  Systems  Analysis  Activity 
ATTN:  DRXSY-LA  (Dr.  Keats  Pullen) 

Aberdeen  Proving  Ground,  MD  21005 


Director  Commander 

US  Army  Material  Systems  Analysis  Activity  ERADCOM 
ATTN:  DRXSY-GI  (Mr.  Sid  Geraud)  ATTN:  DRDEL-AP 


Aberdeen  Proving  Ground,  MD  21005 
Director 

US  Army  Armament  R&D  Command 
Chemical  Systems  Laboratory 
ATTN:  DRDAR-CLE-PS  (Dr.  Ed  Stueblng) 
Aberdeen  Proving  Ground,  MD  21010 

Di rector 

US  Army  Armament  R&D  Command. 

Chemical  Systems  Laboratory 

ATTN:  DRDAR-CLB-PS  (Mr.  Joseph  Vervler) 

Aberdeen  Proving  Ground,  MD  21010 

Director 

US  Army  Armament  R&D  Command 
Chemical  Systems  Laboratory 
ATTN:  DRDAR-CLY-A  (Mr.  Ron  Pennsyle) 
Aberdeen  Proving  Ground,  MD  21010 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  William  Carter 
2800  Powder  Mill  Road 
Adel  phi ,  MD  20783 

Commander 

Harry  Diamond  Laboratories 

ATTN:  DELHD-RAC  (Dr.  R.G.  Humphrey) 

2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  Ed  Brown 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  Stan  Kulpa 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 


2800  Powder  Mill  Road 
Adel  phi,  MD  20783 
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Commander 

ERADCOM 

ATTN:  DRDEL-CG/DRDEL-DC/DRDEL-CS 
2800  Powder  Mil  1  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-CT 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-EA 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-PA/DRDEL-ILS/DRDEL-E 
2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-PAO  (S.  Klmmel ) 

2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 

ERADCOM 

ATTN:  DRDEL-PAO  (Paul  Case) 

2800  Powder  Mill  Road 
Adel  phi,  MD  20783 

Commander 
HQ,  AFSC/DLCAA 
ATTN:  LTC  Glen  Warner 
Andrews  AFB,  MD  20334 

AFSC 

ATTN:  WER  (Mr.  Richard  F.  Plcanso) 
Andrews  AFB,  MD  20334 
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Commander 

Concepts  Analysis  Agency 
ATTN:  MOCA- SMC  (Hal  E.  Hock) 

8120  Woodmont  Ave 
Bethesda,  MD  20014 

Martin  Marietta  Laboratories 
ATTN:  Jar  Mo  Chen 
1450  South  Rolling  Road 
Baltimore,  MD  21227 

Commander 

US  Army  Intelligence  Agency 
Fort  George  G,  Meade,  MD  20755 

D1 rector 

National  Security  Agency 

ATTN:  R52/Woods 

Fort  George  G,  Meade,  MD  20755 

Chief 

Intel  1 1 ger  Materiel  Dev  4  Support  Ofc 
ATTN:  DELLrt-WL-I 
Bldg  4554 

Fort  George  G,  Meade,  MD  20755 

Acquisitions  Section,  IRDB-D823 
Library  &  Info  Service  01 v ,  NOAA 
6009  Executive  Blvd 
Rockville,  MD  20852 

Naval  Surface  Weapons  Center 
ATTN:  Code  WR42  (Dr.  Barry  Katz) 

White  Oak  Library 
Silver  Spring,  MD  20910 

The  Environmental  Research 
Instl tute  of  MI 
ATTN:  IRIA  Library 
PO  Box  8618 
Ann  Arbor,  MI  48107 

Science  Applications  Inc, 

ATTN:  Dr.  Robert  E.  Meredith 
15  Research  Drive 
PO  Box  7329 
Ann  Arbor,  MI  48107 

Science  Appl Icatlons  Inc. 

ATTN:  Dr.  Robert  E.  Turner 
15  Research  Drive 
PO  Box  7329 
Ann  Arbor,  MI  48107 


Commander 

US  Army  Tank-Automatlve  R&D  Command 
Warren,  MI  48090 

Dr.  A.  D.  Belmont 
Research  Division 
PO  Box  1249 

Control  Data  Corp  1  ■  :,r 

Minneapolis,  MN  55440 

Commander 

US  Army  Aviation  Systems  Command 
St.  Louis,  MO  63166 

Director 

Naval  Oceanography  4  Meteorology 

NSTL  Station 

Bay  St  Louis,  MS  39529 

Director 

US  Army  Engr  Waterways  Experiment  Sta 
ATTN:  Library 
PO  Box  631 

Vicksburg,  MS  39180 
Director 

US  Army  Engr  Waterways  Experiment  Sta 
ATTN:  WESFT  (Dr.  Bob  Penn) 

PO  Box  631 

Vicksburg,  MS  39180 
Director 

US  Army  Engr  Waterways  Experiment  Sta 
ATTN:  WESFT  (Mr.  Jerry  Lundlen) 

PO  Box  631 

Vicksburg,  MS  39180 

US  Army  Research  Office 
ATTN:  DRXRO-PP 
PO  Box  12211 

Research  Triangle  Park,  NC  27709 

US  Army  Research  Office 

ATTN:  DRXRO-GS  (Dr.  Arthur  V.  Dodd) 

PO  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Cold  Regions  Rsch  4  Engr  Lab 
ATTN:  Mr.  Roger  Berger 
Hanover,  NH  03755 


Commander 

US  Army  Cold  Regions  Rsch  &  Engr  Lab 
ATTN:  '  Hr.  George  Altken 
Hanover,  NH  03755 

Commander 

US  Army  Cold  Regions  Rsch  &  Engr  Lab 
ATTN:  CRREL-RD  (Dr.  K.F.  Sterrett) 
Hanover,  NH  03755 

Commander 

US  Army  Armament  R&D  Command 
ATTN:  DRDAR-TSS  (Bldg  59) 

Dover,  NJ  07801 

Commander 

US  Army  Armament  R&D  Command 
ATTN:  DRDAR-AC  (J.  Greenfield) 

Dover,  NO  07801 

Project  Manager 

Cannon  Artillery  Weapons  Systems 
ATTN:  DRCPM-CAWS 
Dover,  NJ  07801 

Project  Manager 

Cannon  Artillery  Weapons  Systems 
ATTN:  DRCPM-CAWS- GP  (G.H.  Waldron) 
Dover,  NJ  07801 

Commander 

HQ,  US  Army  Avionics  R&D  Activity 

ATTN:  DAVAA-0 

Fort  Monmouth,  NJ  07703 

Commander/Director 
US  Army  Combat  Surveillance  &  Target 
Acquisition  Laboratory 
ATTN:  DELCS-D 
Fort  Monmouth,  NJ  07703 

Director 

US  Army  Electronics  Technology  & 
Devices  Laboratory 
ATTN:  DEI.ET-D 
Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Electronic  Warfare  Laboratory 
ATTN:  DELEW-D  (Mr.  George  Haber) 

Fort  Monmouth,  NJ  07703 


Commander 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Rudolf  Buser) 
Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Night  Vision  & 

Electro-Optics  Laboratory 
ATTN:  DELNV-L  (Dr.  Robert  Rodhe) 
Fort  Monmouth,  NJ  07703 

Commander 

ERADCOM  Technical  Support  Activity 

ATTN:  DELSD-L 

Fort  Monmouth,  NJ  07703 

Project  Manager,  FIREFINDER 

ATTN:  DRCPM-FF 

Fort  Monmouth,  NJ  07703 

Project  Manager,  REMBASS 

ATTN:  DRCPM-RBS 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Satellite  Comm  Agency 

ATTN:  DRCPM-SC-3 

Fort  Monmouth,  NJ  07703 

Commander 

ERADCOM  Scientific  Advisor 

ATTN:  DRDEL-SA 

Fort  Monmouth,  NJ  07703 

Project  Manager 

Army  Tactical  Data  Systems 

ATTN:  DRCPM-TDS 

Fort  Monmouth,  NJ  07703 

6585  TG/WE 

Holloman  AFB,  NM  88330 
AFWL/WE 

Klrtland,  AFB,  NM  87117 

AFWL/Technlcal  Library  (SUL) 
Klrtland  AFB,  NM  87117 


Commander 

US  Army  Tests  Evaluation  Command 
ATTN:  STEWS-AD- L 

White  Sands  Missile  Range,  NM  88002 
Chief 

US  Army  Electronics  R&D  Command 
Office  of  Missile  Electronic  Warfare 
ATTN:  DELEW-M-STE  (Or.  Steven  Kovel) 
White  Sands  Missile  Range,  NM  88002 

US  Army  Office  of  the  Test  Director 
Joint  Services  EO  GW  CM  Test  Program 
ATTN:  DRXDE-TD  (Mr.  Weldon  Findley) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-D  (Dr.  Wilbur  Payne) 

White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TDB  (Louis  Dominquez) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-PL  (Dolores  Angulano) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TOP  (Roger  Willis) 

White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TGC  (Dr.  Alfonso  Diaz) 
White  Sands  Missile  Range,  NM  88002 

Commander 

TRASANA 

ATTN:  ATAA-TGA  (Mr.  Edward  Henry) 
White  Sands  Missile  Range,  NM  88002 

Grumman  Aerospace  Corporation 
Research  Dept  -  MS  AOS- 35 
ATTN:  John  E.  A.  Selby 
Bethpage,  NY  11714 


Rome  Air  Development  Center 
ATTN:  Documents  Library 
TSLD  (Bette  Smith) 

Grlfflss  AFB,  NY  13441 

Commander 

US  Army  Tropic  Test  Center 
ATTN:  STETC-TD  (Info  Center) 

APO  New  York  09827 

Commander 

US  Army  R&D  Coordinator 
US  Embassy,  Bonn,  Box  165 
APO  New  York  09080 

HQ 

USAREUR  &  Seventh  Army 
APO  New  York,  NY  09403 

Air  Force  Avionics  Laboratory 
ATTN:  AFAL/RWI-3  (Cpt  James  Pryce) 
Wrlght-Patterson  AFB,  OH  45433 

Air  Force  Air  Systems  Laboratory 
ATTN:  AFAL/RWI-e  (Dr.  George  Mavko) 
Wrlght-Patterson  AFB,  OH  45433 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CD-R  (Mr.  Farmer) 

Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R 
Fort  Sill,  OK  73503 

Director  CFD 

US  Army  Field  Artillery  School 
ATTN:  Met  Division 
Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  Morris  Swett  Library 
Fort  Sill,  OK  73503 


Commander 

US  Army  Combined  Arms  Center 
ATTN:  ATCA-CAT-V  (R.  DeKInder,  Jr.) 
Fort  Sill,  OK  73503 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CD 
Fort  Sill,  OK  73503 

Commander 

273rd  Transportation  Company 
(Heavy  Helicopter) 

W44CCQ 

ATTN:  CW4  J.  Kard 
Fort  Sill,  OK  73503 

Commander 

Naval  Air  Development  Center 
ATTN:  Code  202  (Mr.  Thomas  Shoppie) 
Warminster,  PA  18974 

University  of  Texas  at  El  Paso 
Electrical  Engineering  Department 
ATTN:  Dr.  Joseph  H,  Plerlulssl 
El  Paso.  TX  79968 

US  Army  Air  Defense  School 

ATTN:  ATSA-CD 

Fort  Bliss,  TX  79916 

Commander 

3rd  Armored  Cavalry  Regiment 

ATTN:  AFVF-SO 

Fort  Bliss,  TX  79916 

Commander 

TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-OP-Q  (Wayland  Smith) 
Fort  Hood,  TX  76544 

Commander 

TRADOC  Combined  Arms  Test  Activity 
ATTN:  Technical  Library 
Fort  Hood,  TX  76544 

Commander 

TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-SCI  (Darrell  Collin) 
Fort  Hood,  TX  76544 


MAJ  Joseph  Caruso 

HQ,  TRADOC  Combined  Arms  Test  Activity 
ATTN:  ATCAT-CA 
Fort  Hood,  TX  76544 

Commandant 

LIS  Army  Air  Defense  School 
ATTN:  Mr.  Blanchett 
Fort  Bliss,  TX  79916 

Commander 

US  Army  Dugway  Proving  Ground 
ATTN:  STEDP-MT-DA-L 
Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-S  (John  Treatheway; 

Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 
ATTN:  STEDP-MT-DA-M  (Paul  Carlson) 
Dugway,  UT  84022 

Commander 

US  Army  Dugway  Proving  Ground 

ATTN:  STEDP-MT-DA-T  (William  Peterson) 

Dugway,  UT  84022 

Defense  Documentation  Center 
ATTN:  DDC-TCA 
Cameron  Station  Bldg  5 
Alexandria,  VA  22314 
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Ballistic  Missile  Defense  Program  Office 
ATTN:  DACS-BMT 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Commander 

US  Army  Materiel  Dev  &  Readiness  Command 
ATTN:  DRCLDC  (Mr.  James  Bender) 

5001  Elsenhower  Ave 
Alexandria,  VA  22333 

Commander 

US  Army  Materiel  Dev  &  Readiness  Command 

ATTN:  DRCBSI 

5001  Elsenhower  Ave 

Alexandria,  VA  22333 
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Institute  for  Defense  Analysis 
ATTN:  Mr.  Lucian  Blberman 
Arlington,  VA  22202 

Institute  for  Defense  Analysis 
ATTN:  Dr.  Robert  Roberts 
Arlington,  VA  22202 

Director 

ARPA 

1400  Wilson  Blvd 
Arlington,  VA  22209 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Steve  Zakanyez 
1400  Wilson  Blvd 
Arlington,  VA  22209 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Dr.  Carl  Thomas 
1400  Wilson  Blvd 
Arlington,  VA  22209 

Defense  Advanced  Rsch  Projects  Agency 
ATTN:  Dr.  James  Tegnella 
1400  Wilson  Blvd 
Arlington,  VA  22209 

Commander 

US  Army  Security  Agency 
ATTN:  IARD-MF 
Arlington  Hall  Station 
Arlington,  VA  22212 

/ 

USA  Intelligence  &  Security  Command 
ATTN:  E,  A.  Speakman, 

Science  Advisor 
Arlington  Hall  Station 
Arlington,  VA  22212 

Commander 

US  Army  Foreign  Sci  &  Tech  Center 
ATTN:  DRXST-IS1 
220  7th  Street,  NE 
Charlottesville,  VA  22901 


Commander 

MS  Army  Foreign  Sci  &  Tech  Center 
ATTN:  Dr.  Orville  Harris 
220  7th  Street,  NE 
Charlottesville,  VA  22901 

Commander 

US  Army  Foreign  Sci  &  Tech  Center 
ATTN:  Dr.  Bertram  Smith 
220  7th  Street,  NE 
Charlottesville,  VA  22901 

Naval  Surface  Weapons  Center 
ATTN:  Code  G65 
Dahlgren,  VA  22448 

Commander 

Operational  Test  &  Evaluation  Agency 
Columbia  Pike  Bldg 
5600  Columbia  Pike 
Falls  Church,  VA  22041 

Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-D  (Mr.  John  Johnson) 
Fort  Belvolr ,  VA  22060 

<  Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-VI  (Mr.  J.R.  Moulton) 
Fort  Belvolr,  VA  22060 

Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-VI  (Luanne  Overt) 

Fort  Belvolr,  VA  22060 

Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-VI  (Tom  Cassidy) 

Fort  Bel  voir,  VA  22060 
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Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-VI  (Richard  Bergemarm) 
Fort  Belvoir,  V A  22060 

Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-VI  (Dr.  John  Ratches) 
Fort  Belvoir,  VA  22060 

Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-FIR  (Fred  Petlto) 

Fort  Belvoir,  VA  22060 

Commander 

US  Army  Engineering  Topographic  Lab 

ATTN:  EJL-TD-MB 

Fort  Belvoir,  VA  22060 

US  Army  Engineer  School 

ATTN:  ATSE-CD 
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